The Junk Hunter mission concept is a space mission architecture designed to address the issue of removing space debris from Earth orbit. The Junk Hunter mission involves the removal of ten large pieces of debris from low earth orbit using ten small satellites launched from one launch vehicle. Each small satellite will be autonomously capable of rendezvous, capture and de-orbit of a large piece of debris, such as a dead satellite, and will consist of an existing de-orbit device integrated onto a commercial satellite bus alongside an innovative new device for debris capture currently being designed and tested by the REsearch and Development for the Capture and Removal of Orbital Clutter (REDCROC) senior project team at the University of Colorado at Boulder. The Junk Hunter mission target debris will reside in an orbital range between 900 km and 1,000 km with an inclination of 82-83 degrees which has a high density of debris. Large debris, which can be continuously tracked on Earth and are 30 cm or greater in diameter, were chosen as the target because of the increased collision risk they pose. A single satellite debris capture architecture was chosen for this mission based on a number of factors including cost, simplicity, heritage components, and system redundancy. The Junk Hunter satellite consists of three major components: the LMx 9000 commercial satellite bus, the Gossamer Orbit Lowering Device (GOLD) de-orbit device, and the REDCROC debris capture system. The REDCROC system utilizes a deployable, inflatable boom structure supporting a mesh netting that can be secured around captured debris. The captured debris and Junk Hunter satellite can then be de-orbited, burning up upon re-entry, clearing orbital space of a large piece debris.
I. Introduction
Earth's orbit is becoming increasingly crowded with space mission debris. This includes dead satellites, spent booster stages, and a variety of other debris 1 . Some estimates suggest that there are approximately 11,000 objects over 30 cm, 100,000 objects between 10 and 30 cm, and millions of smaller objects in Earth orbit, shown in Figure  1 . Each one of these objects poses a serious hazard to current and future operations in space, as collisions can incapacitate or destroy satellites and manned spacecraft. There is also an increasing risk of chain reaction events: collisions involving large pieces of debris that fragment creating hundreds to thousands more pieces of secondary smaller debris. These smaller objects can also cause significant damage; with collision velocities between 7 and 13 km/s any size of debris can potentially cripple or destroy a space asset. The debris issue is serious and is important to address in the near future because a critical point has been reached at which the growth of orbital debris will increase at an exponential rate based on the mathematical probability of collision 2 . To ensure the success of future space endeavors, it is essential that this debris is removed from orbit. Earth's orbit is a key environment to both the private and military sectors, providing services that the modern world relies upon. It is also the stepping stone for human exploration of the solar system and beyond. Orbital debris mitigation, such as the strategies presented in the Junk Hunter mission, will ensure that the world will continue to maintain access to usable orbital space.
In recent years, much research and development has gone into the problem of de-orbiting satellites, using such technologies as thrusters and drag devices. However, the problem of attaching a chase satellite to a piece of target debris (capturing the debris) has received less attention. To * Undergraduate Senior, Aerospace Engineering, University of Colorado at Boulder, 429 UCB, Boulder, CO, 80309
Figure 1: Orbit Debris Cloud Showing Objects Around Earth
significantly advance the concept of orbital debris mitigation viable solutions to this problem need to be identified. Investigating and creating a viable debris capture technology solution is the major goal of the REDCROC project. The REDCROC project's capture device has been designed based on a debris removal mission architecture devised by the REDCROC team referred to as the Junk Hunter mission.
A. Target Debris
The Junk Hunter mission will remove ten pieces of large orbital debris from Low Earth Orbit (LEO). Large debris is defined as being 30 centimeters or greater in diameter. Large debris was chosen as the target debris because of the increased collision risk created by the larger surface area and because these large objects can be continuously tracked from Earth. A collision between two large pieces of debris will create thousands of smaller pieces of debris, effectively creating a debris cloud in the vicinity of the collision. The 2009 collision of the Iridium 33 and Kosmos-2251 satellites demonstrated this phenomenon by creating two large debris clouds emanating from the collision point into both objects' orbits. The collision of the two satellites occurred at an altitude of 789 km with an impact speed of 11.7 km/s. 1740 pieces of debris resulting from the collision have been catalogued as of March 2010, with an estimated 400 more pieces awaiting cataloguing 3 . The location for targeted debris was determined by choosing an altitude and inclination range with a high density of debris as shown in Figure 2 . The target debris will reside in a low earth orbit of altitude between 900 km and 1,000 km with an inclination of 82-83 degrees.
B. Mission Concept
In order to capture ten large pieces of debris ten satellites will be launched on a single launch vehicle, each satellite having a capture and de-orbit device integrated onto it. Once in orbit, the 10 satellites will separate and begin transfer orbits to their designated piece of debris to remove. Ground tracking and prior analysis will be used to determine which pieces of debris will be removed. Once in the same orbit as the target debris, the Junk Hunter satellite will begin phasing burns in order to rendezvous with the debris. After initial phasing burns, the Junk Hunter satellite will arrive approximately 3 km from the expected location of the target debris. Due to the uncertainty in ground tracking, the target debris may have a position error of up to 2 km from its expected location. The commercial satellite bus will use instrumentation to scan for and determine the actual location of the targeted debris. Once the actual location of the debris is determined, transfer and phasing burns will be performed in order to rendezvous with the debris. These steps in the mission concept of operations are presented visually in Figure 3 .
The commercial satellite bus will perform a precise rendezvous with the target debris to within 5 m. At this point in the mission, the REDCROC capture device operations will begin. The inflatable net will be deployed within 5 minutes, and any attitude or momentum issues from deployment will be corrected. The satellite bus will then approach the target debris at 1 cm/s. After net deployment, the inflatable net will likely impinge on the satellite's tracking instruments field of view. The satellite will use the known location of the debris from previous measurements for an approach vector and the REDCROC system will use ranging sensors to determine when the debris is within capture range. Once in capture range, the REDCROC system will engage the securement mechanism in order to the secure the debris, to be discussed in a later section. Securement will be confirmed by the REDCROC system.
Once the target debris has been captured, de-orbit of the captured debris and satellite will commence. The Gossamer Orbit Lowering Device (GOLD) de-orbit device's ultra-thin balloon will be inflated, increasing the surface area of the satellite system, which will create additional aerodynamic drag that results in a decreasing orbital altitude. It will take approximately 365 days to de-orbit a large piece of debris from an altitude of 900 km. The satellite bus, GOLD de-orbit device, and the REDCROC system containing the captured orbital debris will burn up upon re-entry into the Earth's atmosphere. These steps in the concept of operations are presented visually in 
II. Satellite Design
The Junk Hunter satellite will have three major components for its operations. This will include a commercial satellite bus, the LMx 9000; a de-orbit device, GOLD; and an orbit debris capture technology, REDCROC. Each component is critical to the Junk Hunter mission and will be discussed in following sections.
A. LMx 9000 Commercial Satellite Bus
The use of a commercial satellite bus is advantageous because it will cost less than a new design, has proven heritage, and will allow for the easy configuration and integration of other components. The LMx 9000 satellite bus, shown in Figure 5 , was selected after research showed that a variation of it has been previously used for an autonomous rendezvous mission. It leverages heritage from missions that include MRO, IKONOS, GRAIL, and XSS-11 4 . Specifically, the satellite bus configuration of the XSS-11 mission is most applicable to the Junk Hunter mission. The XSS-11 was launched in 2005 by the US Air Force and tested the ability of the system to autonomously rendezvous with non-responsive targets 5 . The XSS-11 satellite also proved the reliability of its operations by accomplishing rendezvous with several objects in Earth orbit 5 . The autonomous rendezvous heritage of XSS-11 configuration was the main consideration for its selection because the Junk Hunter satellite will have to perform the same type of operations.
B. Gossamer Orbit Lowering Device (GOLD)
The GOLD system, Figure 6 , is a drag device that uses an ultra-thin inflatable balloon to effectively increase the surface area of the object it is de-orbiting, which causes an increase in atmospheric drag that accelerates the object to a lower orbital velocity. This decrease in orbit velocity causes the system's orbit altitude to gradually decrease. The system is also aero-stable due to the spherical shape of the balloon once inflated, which provides pitch and yaw stability for the object while deorbiting. This feature will allow the Junk Hunter satellite to deorbit a variety of debris, including unstable debris. The inflation level of the balloon will also provide control over de-orbit time: more inflation will decrease de-orbit time and vice versa. GOLD is a highly favorable de-orbit system because it runs on its own power, compacts into a small volume, and has a relatively low mass. This makes the system highly modular and able to easily integrate onto the Junk Hunter satellite, again another cost effective advantage of the mission. The system provides weight savings compared to propulsive de-orbit systems in addition to providing desirable trade study performance 7 (See Appendices A & B). For these reasons it was the selected to be used for the Junk Hunter mission. The REDCROC system is an orbital debris capture technology that utilizes an inflatable structure and net to capture and secure debris for de-orbit. Currently, the REDCROC senior design team at the University of Colorado is designing, building, and testing this technology. Project requirements for REDCROC have been determined through analysis of cost, complexity, the LMx 9000 bus abilities, mission concept of operations, and other sources. REDCROC will consist of an aluminum chassis, pneumatic inflation system, inflatable net structure, sensor suite, and securement system, which will be discussed in subsequent sections. The sensor suite will be used to monitor the status of the system as a whole and used to determine the range of target debris in order to initiate securement. The securement system, along with inflatable net, will act like a duffle bag; once the debris is within the net, the net will then be cinched closed. The REDCROC system will be tested and analyzed to determine the viability of the inflatable structure for orbital debris capture and its compatibility with a modular system such as the Junk Hunter satellite for possible future development.
III. REDCROC Capture Device
The design of the REDCROC capture technology was a process that occurred in multiple tiers of trade studies and iterations of the system design. An outline of that process is summarized in the following section.
The design of the REDCROC system was based on a number of objectives. The first objective was that the capture system is scalable. Due to financial, schedule, and facility limitations the REDCROC team built a test unit that is capable of capturing 30cm diameter debris. Ideally, however, the REDCROC system would be able to capture larger debris such as dead satellites or rocket boosters around 2m in diameter. The second objective was for the REDCROC system to be flexible in that it could capture a variety of types of debris. The third objective was that the REDCROC system to be modular. The system could be used for any debris capture mission on other satellites, not just the Junk Hunter mission outlined in this paper.
A. Type of Capture Device Trade Study
The first step of the design process was to determine which type of capture device to use for the REDCROC system. Four distinct types of capture devices were identified and researched. The first system in consideration was a mechanical grip, such as a robotic claw. The second method was a lightweight, inflatable net system. A spring deployed net system was the third method considered. Finally, a capture method that utilized an adhesive to "stick" to the debris was also investigated. In order to determine the optimum capture method, a trade study was conducted comparing each method based on a number of different variables. These variables were assigned a weight based on their importance to the success of the project. For example, the cost variable was weighted high because of the low budget for the project, and complexity was given a high weight as well because of the small-scale nature of the project. The heritage of the system being considered was given a very low weight because one of the project goals is innovation, and there are few prior projects in the field of orbital debris capture. Table 1 shows the different factors that were considered, the weight assigned to each factor, the score given to each system for a particular factor, and the resulting Figure of Merit (FOM). The resulting score for each capture method is shown in the last row, which shows that the lightweight inflatable net scored the highest. Table 1 was created using research from conference papers, commercial products, and other mediums in order to determine the scores for the trade study variables for each capture method.
The method of adhesive capture scored the lowest, mostly because of its low scores in complexity and testability. Research showed that it would be a very complex system to manufacture with the limited resources available to the REDCROC senior project team and testing, a vital component of the project, would be extremely difficult to carry out. The mechanical grip and spring deployed net capture methods scored well, but the lightweight inflatable capture method outperformed them. The lightweight inflatable net method scored high in every variable except power required and cost. Even with mediocre scores in those categories, the ability to test the system, its low mass and size when compacted, and simplicity of the system caused it to be favored over the other capture methods.
B. Satellite System Architecture Trade Study
The previous section categorized the capture devices into four distinct categories; however, each category had more than one type of design. A more intensive trade study was conducted using all possible capture device designs. This trade study focused on factors that would arise from integrating the different types of capture devices into the Junk Hunter mission concept. The top three architectures were an inflatable net, designing the system to resemble a "trash bag" inside a mothership/daughtership configuration, and physical hook that would grab the debris. All three of these mission architectures were examined carefully to determine which one would be the best design choice and a pictorial representation of them is shown in Figure 7 .
Architecture 1
Mission Architecture 1 would consist of a net capable of closing around the debris supported by an inflatable boom structure. The pros of this design included being made of a lightweight and compactable material, the capability of capturing different geometry types of debris and the testability on the ground. The largest con of this design architecture was that a pressurized gas tank would be required to be on board and would need to be designed according to space applications, adding another dimension of complexity.
Architecture 2
Architecture 2 involves a hook that would be attached to a rigid cable structure, deployed from the REDCROC system, and hooked onto the debris to reel it in, similar to a fishing hook. One of the pros of this design was that the release of the hook could be controlled, which would help mitigate the possibility of creating new debris. The biggest downside to this design was that the debris would need to have a contact point for the hook to grab onto. A technology capable of determining where the hook could attach would need to be designed and tested before the hook system could be implemented.
Architecture 3
For the third architecture, the mothership would deploy a daughtership, which would be comprised of a "trash bag" held together using an inflatable structure. This deployed net system would enclose around the debris and cinch similar to a conventional kitchen trash bag. This design would mitigate additional debris creation upon capture because of the inflatable structure, however, it would have difficulty capturing debris that was unstable or spinning.
System Architecture Trade Study
Again, the same characteristics and weighting used in the individual capture method FOMs were used to determine the most feasible design and Table 2 shows the results.
Architecture 1, the net with inflatable structure was chosen as the final design. The types of debris that could be captured using this design were vast, allowing an advantage of versatility over the other architectures. In addition, the mass of this system could be minimized based on the type of inflatable structure that would be chosen in addition to netting type. The ability to test on the ground was the final property that helped propel this architecture above the others.
C. REDCROC System Design
The REDCROC capture technology was designed based on the inflatable net architecture and is shown in Figure 8 . An inflatable pyramidal boom structure will be deployed from a compact chassis that will protect the capture device during launch and rendezvous operations. The pyramidal boom structure consists of four vertical booms connected by two horizontal square rings. The boom structure provides an opening twice the size of the target debris (30 cm) in order to ensure sufficient capture volume. The boom structure supports a mesh netting that can be cinched closed around the debris once it has been captured. Velcro will be used to attach the net to the boom structure, so that once the debris is captured, a cinching wire can pull the net closed around the debris similar to a drawstring bag. The chassis consists of two levels: a top level that will contain the deflated boom structure, the infrared ranging sensors and the securement motors; and a bottom level that contains the pneumatic tank/valve system, motor drivers, power board and Data Acquisition (DAQ) board used to simulate data connection to a spacecraft bus.
In order to prove through Earth-based tests that the REDCROC system is feasible for orbital debris capture, four main objectives must be met.
Objective 1: Deploy Net
In stowed configuration, the chassis doors will be kept closed by an electronic latch and the deflated booms and net will be packed inside the top layer of the chassis. To deploy, the electronic latch will release allowing the springhinged doors to open. The pressurized gas tank/valve system will then inflate the booms creating a rigid structure supporting the net attached to the inside of the boom structure as shown in Figure 8 .
Objective 2: Sense Debris
Once the inflatable net has been deployed, the REDCROC system will have to determine whether or not the debris is within capture range. Two infrared ranging sensors will be used to determine the distance the debris is from the chassis. The sensors were placed in the middle of the chassis within the pyramidal boom/net structure so that the sensors have a clear field of view in the direction of the debris.
Objective 3: Secure Debris
Once the debris has been determined to be within capture range, securement can begin. The mesh netting will be permanently attached to the bottom square ring and detachable from the top square ring via a Velcro connection. A securement wire will be threaded through the top of the mesh netting and run to two stepper motors. The motors will pull the securement wire, which will pull the net from the Velcro attachment to the upper boom allowing it to be cinched around the debris similar to a drawstring bag as seen in Figure 9 .
Objective 4: Confirm Securement
Once the debris has been secured, the REDCROC system has to be able to verify whether or not the debris is secure. To accomplish this, both data from the infrared sensors and stepper motors will be used. Command data to the stepper motors will direct them to turn a finite number of times to complete cinching, meaning that it will be known if the wire has been reeled in or not. If the infrared sensors read a distance of approximately 30 cm or less to the bottom of the debris this will provide confirmation that the object is secured within the cinched net.
D. REDCROC Subsystem Design, Modeling, and Testing
The REDCROC subsystem is divided into three main areas: the inflatable boom structure, securement mechanism, and power/electronics/sensors.
Inflatable Boom Structure
The inflatable booms were designed with several initial parameters in mind: overall geometry given by capture/clearance requirements; radius and thickness given by thin-walled pressure vessel considerations -namely adherence to maximum allowable pressures following material properties; connection points between the booms (weight considerations); and required rigidity for stability.
The choice of material began with thin-wall pressure vessel considerations. The first choice of Elvaloy, a popular inflatable boat material, gave the most favorable material and adhesive strengths for pressure allowances. However, packing tests in a simulated chassis determined that this material was too thick and stiff to be operationally feasible. A secondary choice was then turned to, a PVC material also used commonly in inflatables with half the thickness of the former selection. Pressure considerations showed that this material had suitable strength (considering also the adhesive peel strength) to operate under nominal system pressures with a comfortable safety factor. Packing tests also showed that the material could fit more effectively into the chassis.
Testing was conducted on a vertical boom prototype of the PVC material at the operational pressure of 15 psi to determine its failure points and behavior under a range of deflection conditions. The boom deflection testing setup is shown in Figure 10 . Maximum deflection tests showed that structural failure occurs at a deflection of 17.6 in. Maximum compressive axial force tests showed that buckling occurs under a load of 5.55 lb. Deflection conditions were tested by applying incremental tip loads to the boom and measuring the resulting deflections, from zero to failure.
Using these data and symmetric beam bending theory, it was possible to estimate the effective modulus of elasticity of the boom. Although this value varied over the deflection range, values in the nominal operating deflection range of 5 -10 in were close enough to calculate an average. This value was found to be 3740 psi, or 5.38×10 5 lb ft -2 . The major goal of this testing was to determine an effective modulus of elasticity for use in a finite element model of the boom structure and to compare the output maximum deflections and forces to their failure values. This allowed for the calculation of safety factors in failure for nominal conditions. The finite element model accounted for several important parameters of the booms and the structure as a whole: cylindrical shape, internal and external pressure, effective modulus of elasticity of the boom material, and the effects of the weights of the connection points (PVC corner tubing). This analysis was done for two boom structures. The first structure consisted of the four vertical booms and one square ring at the top. The second structure consisted of four vertical booms, a square ring at the top, and a smaller square ring located approximately halfway up the vertical booms (see Figure  11 ). The one-ring structure showed smaller axial compressive forces than the two-ring structure, but also showed greater deflections. Figure 11 summarizes this data. Rigidity is of central importance to the boom structure, so the two-ring model, with system-wide smaller deflections, is more favorable. Even though it experiences greater member forces, this structure retains a large safety factor in compression failure.
Securement Mechanism
The cinching mechanism for the REDCROC system consists of a lightweight mesh material called tulle, binding material, a seam, Velcro, securement wire, and wire guides shown in Figure 12 . The net material is sewn together using a common fabric binding which is also used for the seam. The securement wire is looped around through the seam and exits in two directions allowing it to be pulled by the motors to close the net opening. This wire runs down the length of the booms to the dividing plate of the chassis to where the motors are located. A coupler and spool are attached to the motors to collect the wire as the motor spins to reel in the wire. The net system will be attached nonpermanently to the top ring using Velcro. When the motors are engaged during securement, the wire will pull the net opening closed which will unhook the Velcro from the net, allowing it to cinch closed over the debris.
The net was chosen to be a mesh material with small openings instead of a large cargo net in order to contain the debris to a better degree. The openings in the net are small enough that it will be able to contain any collateral debris caused during capture. For example if a solar panel were to break off during capture of a satellite, the netting will be able to contain any small or large debris created.
The motors, drivers, and spools were designed to meet securement requirements. Requirements dictated that the system needs to secure the debris up to 5 lb of force. This force was measured by attaching a force gauge to the debris and applying 5 lb of force to the debris while it was secured within the REDCROC system. The debris supported by a wire attached to a force gauge set up is shown in Figure 13 .
Frictional forces and the force required to release the net from the Velcro were the biggest design drivers of the cinching mechanism. Tests were performed to determine the force required to overcome friction of the wire running through the seam and wire guide showed the friction force to be 0.22 lbf. Further tests showed that the force required to release the net from the Velcro was 0.60 lbf. At 90% power, the motors were able capable of providing 15 lbf of holding force which was more than enough to overcome the friction of the system. Puncture tests were also performed on the netting material and the net did not fail until 5 lbf were applied in a select location. Full system testing of the securement mechanism revealed higher than expected friction between the securement wire and the wire guides-enough to prevent the net from cinching over the debris. Conventional mechanical parts lubricant was applied to the wire guides. The lubricant significantly improved the 
Power/Electronics/Sensors
In order to detect incoming debris and decide whether to close the net or not, two infrared ranging sensors were implemented on the REDCROC system. A short range infrared (IR) sensor with a range capability of 0-40 cm and a long range IR sensor with a range capability of 20-150 cm will be used simultaneously. The sensors operate by sending out an infrared beam, similar to a remote control for a TV. That beam is reflected off of the targeted object (debris) and is received back at the sensor housing. The amount of light received back at the sensors from the reflected beam equates to a specific distance to the object. Therefore the reflectivity of the object is a variable in distance determination. As a result, different surface types with different reflective properties were tested to determine what the effects are on distance determination. Metallic surfaces produced slightly less accuracy than matte surfaces like brown or white paper. However, the data for the metallic surfaces still followed the same general line of best fit. In addition, the IR sensors were tested with the software system to account for any errors occurring in data processing. The relation between measured voltage and distance for the short range sensor is shown Figure 14 . Ranging error for both the short range and long range sensors met the requirement of less the +/-2.5 cm error.
A pressure transducer is used in series with the pneumatic system and captures pressure data at a rate of 1000 Hz. This allows the pneumatic system to be shut down within 0.5 seconds of a detected over-pressurization. The specific pressure transducer chosen was the MSP340 from Measurement Specialties, which has been tested with the REDCROC software system. The pressure transducer calibration data points and curve fit are shown in Figure 15 .
A series of valves are used to operate the pneumatic system and complete pressurized filling of the boom system. The valves chosen are ASCO series 411, capable of a 10 ms, or 100 Hz, data rate. The rate of data is important to consider with this component to ensure that if the system was seeing more than the desired 20 psi pressure, the valves can be closed quickly to prevent problems. A system of relays is used in congruence with the valve system and the DAQ to allow controlled opening of the desired valve at the appropriate time.
Two stepper motors are used in the cinching mechanism to reel in the securement wire in order to cinch the net. The current supplied to the motors is directly proportional to the torque the motors are capable of providing.
With the DAQ attached to the two motor drivers, and the drivers attached to their respected motors, the system draws a total of 0.67 A at 24 V while the motors are rotating. This power consumption results in a holding torque of approximately 15 lb.
To convert the voltage given to the REDCROC system by the corresponding satellite bus, a voltage conversion board will be used. This board uses LM 2941CT chips to step down the supplied 28 V to the needed 12 V and 5 V levels. After testing the output of the 
IV. Scalability of the REDCROC System
The REDCROC system test unit was designed to capture 30cm debris. This test unit proved the technology configuration is capable of debris capture. A capture system actually used in orbit will have to be capable of capturing larger debris. The following analysis has been performed to determine the feasibility of scaling the REDCROC system from a 30cm debris capture device to a 2m debris capture device.
A. Inflatable Booms
The major considerations in scaling up the boom system for use in the orbital environment to capture large debris such as a dead satellite are deployed size, system mass, packed volume, and internal air volume. The size of the system is determined geometrically. The system mass is important for satellite bus mass budget considerations, the packed volume determines compatibility with the bus, and the internal air volume determines the required holding capacity of the air tank. The latter three considerations are determined parametrically.
To scale to larger debris, a characteristic debris size of 2.0 m (6.56 ft) was chosen. The boom system is designed to have an aperture that is twice the diameter of the target debris. Therefore, the top square ring will be 4.0 m (13.12 ft) on a side, as opposed to the current value of 0.60 m (2.0 ft) used for 0.30 m (1.0 ft) debris. To modify the system, all linear dimensions are scaled by the factor K, defined as the ratio of the target debris diameter to the current system debris diameter (0.30 m). In the case of 2.0 m debris, K takes the value of (2.0 m)/(0.30 m) = 6.67.
This scaling factor linearly determines the height of the new booms and the radius of each cylindrical element. The area of material required scales with the square of K, and, assuming a similar thickness, the mass is calculated by multiplying the material's volume and density (1288 kg m -3 ). To calculate the volume required for packing, the current packing efficiency is first determined. The actual volume of the current boom material is 0.015 ft 3 . This fits into a volume of 0.35 ft 3 , resulting in a packing efficiency of 4.4%. This is used with the scaled material volume to determine the space requirement for the new system. The volume of air within the booms scales with the cube of K. Table 3 presents the results of these scaling calculations. As Table 3 shows, the mass of the scaled system is approximately 24.80 kg, which still fits within the estimated mass budget of the inflatable portion of the REDCROC payload of the Junk Hunter satellite of 53.22 kg (Appendix B). (This assumes a material of similar density.)
The packed volume (space required within the chassis) is 15.56 ft 3 . As Figure 5 shows, the satellite bus has an area suitable for integration of 1.57 m (5.15 ft) by 0.84 m (2.76 ft), or 14.21 ft 2 . A chassis height of 1.09 ft is needed to accommodate this packing volume, a suitable value for the first iteration of design.
B. Chassis
To hold the larger packed volume, the chassis needs to be scaled up as well. Assuming that the lower deck of the chassis increases to a height of 1 ft, the chassis will be 2.09 ft (0.64 m) high. Considering this and the integration area defined by Fig. 5, 75 .71 ft 2 of aluminum is needed. Using the density of aluminum 6061 (2700 kg m -3 ) 8 and assuming a panel thickness of 0.5 in results in a mass of 241.2 kg or 531.7 lb. Combined with the booms, this results in a full mass of 266.0 kg, which is larger than the mass budget. A good starting point for a design revision is using honeycomb aluminum for the chassis structure. Aerospace-grade materials exist with characteristics densities of 8 lb ft -3 (128 kg m -3 ) 9 . This gives 11.4 kg (25.2 lb) of chassis structure. The chassis and boom together have a mass of 36.2 kg, or 68% of the REDCROC payload mass budget, leaving adequate mass for pneumatics, electronics, and the Spring 2011 securement mechanism (See Appendix C and D for details). Thus, the scaled chassis and packed booms can integrate well to the commercial bus.
C. Pneumatic System
The volume of gas within the modified booms is 66.35 ft 3 . The holding pressure is determined using the ideal gas law, PV = nRT, where P is the absolute pressure, V is the volume, n is the number of moles of gas, R is the ideal gas constant, and T is the absolute temperature. The inflation pressure of the scaled booms is assumed to be the same as in the REDCROC system, namely 20 psi. Assuming that n, R, and T remain fixed, this calculation results in a tank pressure of 2073 psi, lower than the tank rated maximum pressure by a safety factor of 1.4. A typical scuba tank has a volume of 18 L (0.64 ft 3 ) and is rated to 3000 psi, therefore, the booms can thus be adequately inflated by a commercial air tank.
Using the same adhesion scheme as in the REDCROC system limits the maximum pressure the booms can handle to 4.6 psi (determined through the mechanical design analysis of the booms). To use larger pressures, such as the above-assumed 20 psi, a larger adhesive surface or a stronger adhesive may be used. As the testing of boom prototypes shows, however, the seams can handle pressures a factor of 5 greater than the design point. This necessitates future adhesive strength analysis in more depth, but also gives confidence that the scaled system will perform well under pressures greater than 4.6 psi.
This first-iteration analysis shows that the REDCROC system can be successfully scaled up and utilized to capture larger debris. Further analysis will consider static and dynamic stability, holding forces in securement, filling times in deployment, and scaled chassis stresses.
V. REDCROC System Space Ratability
For the REDCROC system to be a feasible choice for removing space debris, the Earth-based system already developed must have space-rated alternatives in place. Several system-critical components need to have alternatives for the system to function in space. These components, and their space-rated alternatives, are discussed below.
The inflatable boom system is a major component for the REDCROC system and was constructed by hand by the REDCROC team for the engineering test unit. For a space-qualified unit, different material choice and manufacturing processes will be required. There are three main components of the inflatable system for which materials with low-outgassing properties are needed: the boom material, the connection/end caps, and the adhesive. A report published by NASA's Goddard Space Flight Center defines the requirements for low-outgassing materials: a maximum total mass loss (TML) of 1.0% and a maximum collected volatile condensable material (CVCM) of 0.10% 10 . Candidate materials for each of the components are presented in Table 4 , retrieved from NASA's Outgassing Catalog 11 . Each of these materials is suitable for use in the space environment, indicated by their TML and CVCM values. The boom system will also be subject to thermal cycling as it moves through sunlit and shadow periods in orbit. This will affect the inflation pressure of the booms and modeling should be conducted to determine the level of variation. The range of pressures should then fall comfortably within the allowable limits of the system. In the specific case of the REDCROC system, testing showed that the booms can handle at least 110 psi without rupture, giving the team preliminary confidence in the booms' ability to cope with the thermal extremes.
The infrared sensors are another important component on the REDCROC system. The sensors used for the engineering test unit are COTS and come standard with plastic casing. In order for them to fly in space, the hardware encasing the sensors would need to be replaced. An aerospace-grade, industry standard material could be used to minimize both additional mass and the possibility of electrostatic discharge events. In addition, the components inside of the sensors would need to be replaced, ensuring that no electrolytic capacitors were present. By reading through the datasheet for the sensors and after extensive testing, it is still not well known if these sensors will work in a vacuum. Therefore, it is suggested to rate these sensors for spaceflight by first making the above material changes and then testing the IR sensor functional capability in a vacuum. In addition, a hot and cold test should be conducted to ensure they would survive the transition from eclipse to sunlight. If a new COTS-type system were desired to fly on REDCROC rather than modifying the components used, IR sensors like those aboard the Space Tracking and Surveillance System could be used. In addition, laser ranging (LIDAR) technology could be applied, as well.
Additional sensors could be added to make the REDCROC debris sensing capabilities more robust. A camera that has proven flight heritage such as the e2V CCD camera system that assisted the ATV to dock with the ISS could be added. This change would affect the way that the software is written, however, and the way data are interpreted. This new ranging/imaging system would need to be tested extensively on the ground before it could be used on a future space flight mission for REDCROC.
The pressure transducer used in the REDCROC system is "space certified" to the best of the team's knowledge. On the datasheet there is no description of materials used in the construction of the pressure transducer that would outgas beyond that which is allowed by NASA.
Because a user-interfaced program is not practical in space and the NI USB DAQ has low power and processing speed, a space-rated alternative was found. To replace the DAQ/LabVIEW system the payload controller manufactured by ASTRIUM was chosen. It was developed in the 'Next Generation Processors (NGP)' program. It is a fully redundant, integrated payload controller and processing unit which provides high processing performance and standard interfaces to the spacecraft.
VI. System Risks and Technical Readiness Levels (TRLs)
One of the major risks associated with the REDCROC system is the structural design. The inflatable boom structure was modeled, simulated and tested in a 1-g environment. It was proven to be a rigid structure and was capable of withstanding the required forces. However, when transferring the model to a space environment, the inflatable material system poses a high likelihood to change material properties. As a result, this was deemed to be a high system risk. Software, referred to in Figure  16 as C&DH, will also become a large system risk. It is a challenging feat to autonomously rendezvous with unresponsive debris. It will also be difficult add sensing the debris, deploying the capture device and securing the debris to that process. Power issues also create a large risk because the motors used for securement drew a large amount of power, and proper power cycling will likely be an issue for the entire Junk Hunter satellite. Remaining risks are shown in Figure 16 .
NASA as well as the Department of Defense has established a definition for the levels of readiness for developing technologies. These levels are defined on a scale from 1-9, 1 being the least developed and 9 being the most developed.
In order to rank the Technology Readiness Level (TRL) of the Junk Hunter mission, each of the system components were assigned a TRL. To begin, the REDCROC system has been developed from a concept to an engineering test unit that has successfully proven the concept of debris capture. Analytical studies have been performed and used to validate the engineering test unit concept. Because of this, REDCROC can be rated at a technology readiness level of 4. The basic level of technology support for the operation of the system has been integrated together and has proven to work. In addition, the entire system has been tested in a 1-g simulated environment. The next step to increase the TRL would be to test the system in a simulated space environment. Additional thermal and vibrational modeling and testing would be required. Continuing on with another element of the Junk Hunter mission, the LMx 9000 satellite has flown in space, gaining flight heritage therefore holding a 9 on the TRL ranking system. The last piece of the Junk Hunter mission is the GOLD device which holds a TRL of 5. This is because the system has been designed and tested, however, not in a space environment. Because the three components of the Junk Hunter mission have not been integrated together in a laboratory environment, but each individual component has, the mission has a minimum TRL of 4. 
VII. Project Schedule and Cost
The Junk Hunter mission schedule shows that the Junk Hunter satellite could be developed and launched by July 2015. A Phase A concept study for the Junk Hunter satellite could begin in 2011 and would likely take 4 to 6 months. This study would outline the design for the commercial satellite bus with the REDCROC and GOLD payloads attached to it. Requirements development, subsystem development, and a detailed concept of operations would follow the Phase A concept study and would take 8 months concluding with the Preliminary Design Review (PDR) in fall 2012. Following a successful PDR, detailed design of the subsystem and development could begin and would take about 27 months resulting in a launch date close to July 2015. Figure 17 shows the schedule of the Junk Hunter mission and important milestones.
Further development of the REDCROC system will be necessary before considering it for a payload on a mission. Parallel research and testing for a space-rated REDCROC system will have to be performed during Phase A and B of the Junk Hunter mission. The GOLD de-orbit technology will also likely have to undergo additional testing and analysis as a payload of the Junk Hunter satellite before it can be integrated onto the detailed design of the satellite as a payload.
A preliminary mission life cycle cost estimate of the Junk Hunter mission was made using the Small Satellite Cost Model (SSCM) ver7.4 published by the Aerospace Corporation 12 . Table 5 shows the breakdown of the life cycle cost consisting of the satellite cost, launch cost, and operations cost. The LMx 9000 satellite bus has flown many times and has heritage on many types of missions. The Junk Hunter mission will utilize the autonomous rendezvous capability proven through the XSS-11 mission. The XSS-11 satellite had a published mass of around 100 kg. An estimate was made that adding the de-orbit device and REDCROC system as payloads would yield a satellite mass of 350 kg. A breakdown of how this estimate was made using typical satellite mass percentages is included in Appendix C. Ten of these 350 kg Junk Hunter Satellites sent to orbit aboard a Falcon 9 launch vehicle were used in the cost estimation. The first unit cost for the Junk Hunter satellite was estimated to be $27.96M FY11 (see Appendix E for details). The lifetime cost of the Junk Hunter mission was estimated to be $315.16M FY11.
One possible way to make the Junk Hunter mission more affordable and a part of a longer term plan to rid low Earth orbit of orbital debris would be to create an additional ride-sharing mission plan. Once the Junk Hunter satellite has been designed and the first unit produced, it would be relatively straightforward to mass produce these satellites. Finding extra space on missions that already have launch vehicles would be a cost effective way to continue to remove orbital debris long after the initial Junk Hunter mission.
VIII. Education and Public Outreach
Given that orbital debris is and will continue to be a problem in the future, it is imperative that solutions be developed but, equally important, is the need to educate. This means teaching people that can help solve the problem now. This also means teaching the next the generation, which can continue to work on solutions and make educated decisions to prevent the orbit debris problem from getting worse. With this in mind the REDCROC team sought to reach out to both of these groups and teach them about the growing debris issue. The REDCROC team gave a presentation on orbit debris and the REDCROC system to a group all college students in addition to a workshop working with elementary school students. At the University of Colorado -Boulder in April 2011, the REDCROC team presented the project and provided background on the orbital debris problem to the American Institute of Aeronautics and Astronautics (AIAA) chapter of students at the university. The presentation explained what orbit debris is, how it's been growing, the current challenges of the problem that engineers face, and a detailed overview of the REDCROC system. After the presentation, a short discussion followed in which the college students asked about the REDCROC project and proposed ideas to help solve the orbit debris problem. It was an excellent exchange of scientific ideas and showed that there is a lot interest in removing and preventing orbit debris.
In May 2011 the REDCROC team visited the Sandcreek Elementary School in Highlands Ranch, Colorado. Over the course of a day the REDCROC team worked with 256-300 3rd, 4th, 5th, and 6th grade students to teach them about engineering, higher education, orbit debris, and the REDCROC system. The team had a blast giving groups of about 30 kids a presentation, doing a demo of the REDCROC system, and leading a hands-on activity. The presentation taught the students about engineering and orbit debris in elementary terms. The team also emphasized the importance of education throughout the presentation. Once the presentation was completed the REDCROC system was then deployed, shown in Figure 18 . Then groups of five students were given a kit consisting of paper cups, popsicle sticks, pipe-cleaners, glue, tape, and googly eyes. The groups were tasked with creating a device that could capture a ping-pong ball floating over a hairdryer, simulating space debris that was endangering the Space Station and a character by the name Spaceman Ben. A video communication from Spaceman Ben was shown to the students and then the groups had 15 minutes to build their devices. Then each team was given one chance to capture the pingpong ball. More than dozen students expressed interest in pursuing engineering and sciences later in their education.
IX. Conclusion
The problem of removing orbital debris is complicated and requires a unique and cost-effective solution. The Junk Hunter mission is a viable architecture including all the necessary components to successfully de-orbit debris and can be implemented within five years. The innovative combination of the LMx 9000 satellite bus, GOLD deorbit device, and REDCROC system is capable of capturing and de-orbiting large pieces of high priority orbital debris. The design and testing of the REDCROC capture device shows that it is a viable technology for debris capture and further design and analysis can be done to create a space-rated satellite payload of the proposed capture device technology. More research and testing will be required in order to validate the space-worthiness of the REDCROC system, however initial analysis shows that creating a space-rated version of the REDCROC system for the Junk Hunter satellite is possible.
Structural analysis of the innovative boom structure proved static stability of the booms in an Earth environment giving confidence it will be stable in a space environment. Extensive sensor and software testing showed the robustness of the infrared ranging sensors to detect various types of debris with different surface materials. The securement mechanism including the drawstring net, motors, and wire were also extensively tested and were continuously redesigned to provide a reliable, repeatable system. Full system testing of the REDCROC system showed successful deployment of the inflatable booms and securement of sample debris.
After the REDCROC system was successfully tested, further analysis was performed to determine how the system could become space-rated in the future as well as how the system could be scaled up to capture larger pieces of debris. Initial analysis showed that both space-rating and scaling the REDCROC system larger were feasible. The REDCROC team also identified possible risks of the system moving forward in creating a mission based on the REDCROC technology.
In addition to providing technical effort to addressing the orbital debris problem, the REDCROC team also spread awareness through education and outreach activities. 
